
OR I G I N A L AR T I C L E

Whole exome sequencing identifies novel predisposing genes in
neural tube defects

Philippe Lemay1 | Patrizia De Marco2 | Monica Traverso2 | Elisa Merello2 |

Alexandre Dionne‐Laporte3 | Dan Spiegelman3 | Édouard Henrion3 | Ousmane Diallo3 |

François Audibert1,4 | Jacques L. Michaud1,5 | Armando Cama2 | Guy A. Rouleau3 |

Zoha Kibar1,6 | Valeria Capra2

1CHU Sainte‐Justine Research Center,
University of Montréal, Montréal,
Québec, Canada
2IRCCS Istituto Giannina Gaslini,Genoa,
Italy
3Montreal Neurological Institute, McGill
University, Montréal, Québec, Canada
4Department of Obstetrics and
Gynecology, University of Montréal,
Montréal, Québec, Canada
5Department of Pediatrics, University of
Montréal, Montréal, Québec, Canada
6Department of Neurosciences, University
of Montréal, Montréal, Québec, Canada

Correspondence
Patrizia De Marco, Laboratorio
Neurogenetica e Neuroscienze, IRCCS
Istituto Giannina Gaslini, Genova, Italy.
Email: patriziademarco@gaslini.org

Funding information
This work was supported by Ricerca
Corrente Ministero Salute‐Italy 2016;
PDM is supported by Famiglia Volpati
Trust Onlus.

Abstract
Background: Neural tube defects (NTD) are among the most common defects

affecting 1:1000 births. They are caused by a failure of neural tube closure during

development. Their clinical presentation is diverse and dependent on the site and

severity of the original defect on the embryonic axis. The etiology of NTD is

multifactorial involving environmental factors and genetic variants that remain lar-

gely unknown.

Methods: We have conducted a whole exome sequencing (WES) study in five

new NTD families and pooled the results with WES data from three NTD fami-

lies and 43 trios that were previously investigated by our group. We analyzed the

data using biased candidate gene and unbiased gene burden approaches.

Results: We identified four novel loss‐of‐function variants in three genes,

MTHFR, DLC1, and ITGB1, previously associated with NTD. Notably, DLC1

carried two protein truncating variants in two independent cases. We also demon-

strated an enrichment of variants in MYO1E involved in cytoskeletal remodeling.

This enrichment reached borderline significance in a replication cohort supporting

the association of this new candidate gene to NTD.

Conclusion: These data provide some key insights into the pathogenic mecha-

nisms of human NTD and demonstrate the power of next‐generation sequencing

in deciphering the genetics of this complex trait.
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1 | INTRODUCTION

Neural tube defects (NTD) represent a group of congenital
malformations that affect 1–2 individuals per 1,000 births.Philippe Lemay and Patrizia De Marco are joint first authors.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2018 The Authors. Molecular Genetics & Genomic Medicine published by Wiley Periodicals, Inc.

Received: 19 June 2018 | Revised: 25 July 2018 | Accepted: 9 August 2018

DOI: 10.1002/mgg3.467

Mol Genet Genomic Med. 2019;7:e467.
https://doi.org/10.1002/mgg3.467

wileyonlinelibrary.com/journal/mgg3 | 1 of 9

http://orcid.org/0000-0001-8498-3750
http://orcid.org/0000-0001-8498-3750
http://orcid.org/0000-0001-8498-3750
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/mgg3.467
http://www.wileyonlinelibrary.com/journal/MGG3


They are caused by incomplete neural tube closure during
early development (De Marco, Merello, Mascelli, & Capra,
2006; Bassuk & Kibar, 2009). The most common forms of
NTD are referred to as open NTD and include anen-
cephaly, and myelomeningocele (MMC or spina bifida),
which result from the failure of fusion in the cranial and
spinal region of the neural tube, respectively. All infants
with anencephaly are stillborn or die shortly after birth,
whereas many infants with spina bifida now survive but
with severe and lifelong physical and developmental dis-
abilities. A number of skin‐covered (closed) NTD are cate-
gorized clinically depending on the presence (including
lipomyeloschisis, lipomyelomeningocele, and meningocele)
or absence of a subcutaneous mass (including dermal sinus
and caudal agenesis) (Rossi et al., 2004). The variability of
the phenotype can be attributed to temporal or spatial dif-
ferences in the initial insult leading to NTD. The severity
of these malformations ranges from asymptomatic to paral-
ysis or prenatal death (Bassuk & Kibar, 2009).

Over the years, epidemiologic studies have been instru-
mental in elucidating the causes of NTD in humans. Overall,
these studies have suggested that environmental and genetic
factors have a joint role in the causation of NTD. Maternal
diabetes has long been associated with NTD risk (Loeken,
2005). However, the most important epidemiological finding
in NTD is the protective effect of peri‐conceptional intake of
folic acid was shown to reduce the incidence of NTD by
50%–70% (MRC Vitamin Study Research Group, 1991).
However, a large portion of NTD remains folate resistant
demonstrating the need for novel preventive strategies. The
vitamin‐like molecule inositol may offer a novel approach to
preventing folic acid‐resistant NTD. Given the preventive
effect of inositol in mice and the safety of this vitamin‐like
molecule in a variety of human conditions, inositol as an
adjunct therapy to folic acid for the prevention of folate‐re-
sistant NTD is currently trialed (Greene et al., 2016).

Neural tube defects have a well‐established genetic com-
ponent with a heritability of 60% (Bassuk & Kibar, 2009).
While previous studies have identified over ~250 causative
genes in mouse NTD segregating in a Mendelian fashion
(Harris & Juriloff, 2007, 2010), the genetic etiology of the
human disease remains largely unknown. Genomewide link-
age studies have shown significant association with genomic
regions on chromosomes 2, 7, and 10, but failed to identify
causative genes (Stamm et al., 2008; Rampersaud et al.,
2005). Candidate gene approaches have focused on folic
acid pathway and on orthologues and/or homologues of
mouse NTD genes. A few variants in folate‐related genes
have been found to be significantly associated with an
increased risk for NTD; however, they did not contribute
substantially to the etiology of NTD and the burden of NTD
in the population under study (Greene, Stanier, & Copp,
2009). Planar cell polarity (PCP) genes represent strong

candidate genes for NTD as inferred from mouse models
and have been extensively studied in human NTD cohorts.
The fact that PCP proteins interact physically and function-
ally with ciliary proteins suggested the possibility that PCP
signals may govern ciliogenesis, a process that is required
for the correct development and patterning of cranial and
spinal neural tube (Greene, Stanier, & Copp, 2009). Rare
variants in genes of PCP pathway were associated with NTD
in 1%–2% of patients analyzed (Greene et al., 2009). Most
of these variants were missense and were detected in appar-
ently healthy parents demonstrating an important role of
variants of low penetrance in NTD etiology (Kibar et al.,
2007; De Marco et al., 2014). The rise of powerful next‐gen-
eration sequencing (NGS) has brought immense advances to
the field of genetics of both simple and complex traits.
Therefore, our group has previously conducted whole exome
sequencing (WES) in 43 trios affected with severe forms of
NTDs (mainly MMC and anencephaly) and identified an
important role for de novo variants in their etiology. We also
previously used WES in three families each with two MMC
cases as well as molecular inversion probe sequencing in a
larger cohort, and we demonstrated a strong implication of
GRHL3 (Grainyhead Like Transcription Factor 3; OMIM
*608317) in the etiology of MMC (Lemay et al., 2015;
Lemay et al., 2017). In our previous WES studies, we aimed
at investigating the role of highly deleterious variants,
defined as frameshift, stop, or splicing variants, in the causa-
tion of open and severe NTD (mainly MMC). In this study,
we conducted WES in five new families affected with both
forms of open and closed NTDs and we reassessed the previ-
ously published cohorts consisting mainly of open MMC
(Lemay et al., 2015; Lemay et al., 2017). WES data were
analyzed using a biased candidate gene approach and an
unbiased genetic burden approach.

2 | METHODS

2.1 | Cohort

Five new multiplex families were recruited for this study.
NTD phenotypes recruited consisted of MMC, anen-
cephaly, myelocystocele, spina bifida occulta, dermal sinus,
lipomyeloschisis, caudal agenesis, and vertebral schisis.
Families were recruited through the Istituto Giannina
Gaslini in Genoa, Montreal Sainte‐Justine Hospital Spina
Bifida Center and the 3D study of the Integrated Research
Network in Perinatology of Quebec and Eastern Ontario.
Three families each including two MMC cases and 43 trios
previously published were reanalyzed using novel
approaches as described below (Lemay et al., 2015; Lemay
et al., 2017). All eight families are described in Figure 1.
WES data from 188 nonfamilial controls were obtained
through a collaboration with Guy A. Rouleau from McGill
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University. Written informed consent was obtained from all
participating individuals.

2.2 | Ethical compliance

The study was performed in accordance with the ethical
guidelines for human subject research and was approved
by the Local Institutional Review Board: IRCCS Istituto
Giannina Gaslini (Protocol number: 213/2013) and CHU
Ste‐Justine Hospital (Protocols’ numbers: 2598 and 2899).

2.3 | WES and mutation analyses

Whole exome sequencing of the five new multiplex fami-
lies was done as previously described in Lemay et al.

(2015). This resulted in 96.51% of base pair being covered
with at least 20 reads for the families. We analyzed both
inherited and de novo mutations in all five new families
and the previously investigated cohort of three families and
43 trios. This resulted in a cohort of 18 affected familial
members and 43 affected trios probands. Candidate muta-
tions were identified through two methods: candidate gene
and genetic burden approaches. Basic filtering for all
approaches removed synonymous, noncoding, and common
(>1%) mutations. It kept high‐quality mutations (GQ = 99,
forward mutation reads >3, reverse mutation reads >3,
mutation frequency >0.15). Loss‐of‐function (LOF) muta-
tions and missense mutations predicted to be probably
damaging by Polyphen‐2 were prioritized for further analy-
ses using a candidate gene and genetic burden approaches.

FIGURE 1 Representation of the eight neural tube defects affected families included in this study. The three families previously analyzed by
our group are denoted by a star. Myelomeningocele (MMC), spina bifida occulta (SBO), vertebral schisis (VS), dermal sinus (DS), sacral
agenesis (SA), anencephaly (Anen), myelocele (MC), and lypomyeloschisis (LMS)
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The latter were prioritized to minimize background noise
caused by nonbiologically active mutations (Adzhubei
et al., 2010).

For the candidate gene approach, 221 genes classified
as mouse NTD genes were obtained from Harris and Juril-
off's reviews (Harris & Juriloff, 2007, 2010). A screen of
93 genes involved in the folate pathway from cellular
transport to its involvement in thymidine formation and
methylation based on the gene ontology database was next
used to complete the list (Ashburner et al., 2000; The Gene
Ontology Consortium, 2017). This resulted in a list of 314
genes for prioritization. Mutations previously identified by
our group were removed. Mutations that were shared by all
affected members of a family were prioritized.

The genetic burden analysis compared the number of
mutations in each gene from the affected of five new fami-
lies, 43 published trios (Lemay et al., 2015), and the three
previously published families (Lemay et al., 2015) to the
number in 188 ethnically matched nonfamilial controls.
Genes with high mutation count due to misalignment prob-
lems were removed from analysis. Mutation rates were
defined using the following formula: mutations/(cohort
size × gene size × 2 alleles). The control cohort mutation
rate for each gene was compared to the observed rate in
our cohort using a two‐tailed Poisson test and corrected
using a Bonferroni threshold of 0.05/20,389 genes = 2.45
× 10−6. The remaining genes were filtered based on bio-
logical plausibility.

2.4 | MIP sequencing

Molecular inversion probes (MIPs) resequencing was used
to investigate the novel NTD candidates identified by the
gene burden approach. MIPs were designed using the
scripts of O'Roak et al. (2012) available at http://krishna.gs.
washington.edu/mip_pipeline/. The absence of SNPs in the
MIPs arms was verified to insure unbiased capture. Eighty‐
three MIPs were designed to cover the MYO1E (NM_
004998.3) gene using the standard capture length of
112 bp. MIPs were tested for capture level, and poor per-
formers were adjusted in the final mix. The sequencing
reactions of the 83 MIPs in the 192 unrelated cases and

192 unrelated controls were run on one lane of Hiseq
2000. Data processing was done as described by Lemay et
al. (2015). Mutations on resequenced controls were filtered
for mutations with a frequency <1% and a probably dam-
aging PolyPhen‐2 tag. Mutation rates were compared using
a two‐tailed Poisson test.

3 | RESULTS

3.1 | Candidate gene approach

As a first approach, LOF mutations in genes related to the
folate pathway or previously associated with NTD in
mouse models were prioritized. This resulted in a list of
314 candidate NTD genes. Variants were first analyzed
without segregation analysis in all 18 familial affected
(from the five new families and three published families)
and the 43 trios probands. After filtering out previously
published mutations on SHROOM3, PAX3, and GRHL3,
five new candidate LOF variants were identified:
c.1683G>A (p.(Trp561Ter) in MTHFR (NM_005957.4) in
Family 224–414, c.1066C>T (p.(Gln356Ter) in DLC1
(NM_006094.4) in trio 25, c.121C>T (p.(Gln41Ter) in
DLC1 in Family 3646, c.2303_2304insA (p.(Lys768 fs) in
ITGB1 (NM_133376.2) in trio 260, and c.99_100insT
(p.(Gly33fs) in APAF1 (NM_181868.1) in Family 270
(Table 1). They were all absent from the ExAC, gnomAD
databases. We next analyzed the segregation of these five
new LOF variants in other family members. The APAF1
variant was not shared by the other affected members of
Family 270 reducing its candidacy and was hence removed
from further analysis.

MTHFR codes for methylenetetrahydrofolate reductase
that is involved in the transformation of 5‐10‐methylte-
trahydrofolate to 5‐methyltetrahydrofolate, a cofactor of the
homocysteine to methionine transition. The (p.(Trp561Ter)
variant truncates 95 amino acids of the C‐terminus (Fig-
ure 2a). It was shared by the two sons affected with MMC
but was transmitted by the unaffected mother. Deleted in
liver cancer 1 (DLC1) is tumor suppressor gene that codes
for a RhoGTPase activating protein inactivated in many
types of cancer. It has four functional domains: SAM, SR

TABLE 1 Novel loss‐of‐function variants identified in Neural Tube Defects patients

Family ID Chr Position Gene cDNA change Protein change GnomAD ExAc

224–414 1 11851333 MTHFR c.1683G>A (p.(Trp561Ter) – –

3646 8 13357460 DLC1 c.121C>T (p.(Gln41Ter) – –

25 8 12957469 DLC1 c.1066C>T (p.(Gln356Ter) – –

260 10 33197323 ITGB1 c.2303_2304insA (p.(Lys768 fs) – –

270 12 99042236 APAF1 c.99_100insT (p.(Gly33 fs) – –

Accession numbers: MTHFR (NM_005957.4); DLC1 (NM_006094.4); ITGB1 (NM_133376.2); APAF1 (NM_181868.1).
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region, RHO‐GAP, and START (Figure 2b). The
(p.(Gln356Ter) change truncates the last 299 aa of the SR
region and the RHO‐GAP and START domains of DLC1
(Figure 2b). It was shared by the MMC proband and the
unaffected mother. The (p.(Gln41Ter) variant in DLC1
truncates the last 37aa of the SAM domain and all three
other functional domains of DLC1. It was shared by the
MMC affected daughter, the myelocele affected mother
and cousin, and the unaffected brother. Integrin beta 1
(ITGB1) codes for an integrin involved in linking the actin
cytoskeleton to the extracellular matrix (Ohyama, Kawano,
& Kawamura, 1997). ITGB1 has five functional domains:
the PSI domain, the integrin beta subunit VWA domain,
the EGF‐like domain, integrin beta subunit tail domain,
and the cytoplasmic domain. The (p.(Lys768fs) variant
causes a premature stop codon mutation truncating more
than half of the cytoplasmic domain and the last 30aa of
the protein. It was shared between the MMC proband and
the unaffected mother. Missense variants with probably
damaging PolyPhen‐2 scores were also investigated in
NTD candidate genes to identify additional variants that
are shared by affected family members and that would
affect the penetrance of the NTD phenotype. We identified
63 probably damaging variants in 36 families or trios (Sup-
porting Information Table S1). Eight variants were novel

and one individual (pt 53) was carrier of two never
reported damaging variants, the FREM2 (NM_207361.5)
c.413A>C (p.(Tyr138Ser) and the TCN2 (NM_001184726.
1) c.1189C>G (p.(Leu397Val). Intriguingly, three patients
were carriers of very rare missense variants in genes like
IFT172 and C2CD3 encoding for proteins necessary for cil-
iary assembly and maintenance. None of these candidates
segregated in a compound heterozygous transmission with
one of the previously identified LOF variants or other mis-
sense changes in this cohort.

3.2 | Genetic burden approach

Variants with low frequency (MAF <1%), LOF variants,
and probably damaging PolyPhen‐2 tag were identified to
investigate a genetic burden in our cohort. Identical filtra-
tion parameters were applied to a cohort of 188 ethnically
matched nonfamilial controls. Significant enrichment under
the 2.45 × 10−6 Bonferroni threshold was found in Dysfer-
lin (DYSF) and MYO1E (P values = 1.228 × 10−6). DYSF
is a 230 kDa protein involved in sarcolemma repair and
Ca2+ reactivity (Bansal et al., 2003). It is expressed
throughout development, but remains mostly involved in
muscle formation and hence was not considerate as a bio-
logically plausible gene for NTD (Anderson et al., 1999).

FIGURE 2 A schematic representation of MTHFR (a), DLC1 (b), and ITGB1 (c) indicating the position of the four novel loss‐of‐function
variants identified in Neural Tube Defects patients
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MYO1E is an unconventional nonmuscle class I myosin
with a motor‐head domain that binds ATP and F‐actin, a
calmodulin‐binding neck domain and a tail domain (Mele
et al., 2011). It had six variants in the 61 affected and only
one in the 188 controls (Figure 3 and Table 2). Given the
crucial importance of actin remodeling in neural tube for-
mation, MYO1E was considered a strong candidate for
NTD and was further investigated by MIP resequencing of
192 unrelated cases and 192 unrelated controls using MIPs.
Identified variants were filtered following the same criteria
as before. Five variants were identified in this gene in the
affected cohort and two in the unaffected (Figure 3 and
Table 2). Using a two‐tailed Poisson test, these data
suggest a borderline significant p value of 0.05265 in the
replication cohort.

4 | DISCUSSION

In this study, we conducted WES in five new NTD fami-
lies affected with both forms of open and closed NTD. We
next pooled these data with WES data from three previ-
ously published NTD families and 43 NTD trios and ana-
lyzed the data using biased and unbiased approaches. Our
strategy allowed us to identify four novel LOF variants in
three genes previously associated with NTD (MTHFR,
DLC1, and ITGB1) and notably a significant mutation bur-
den in a novel gene MYO1E. A replication MIP resequenc-
ing study in a larger NTD cohort identified an enrichment
in this novel gene that approached statistical significance.

MTHFR is one of the most studied genes in human
NTD with more than 10 known mutations shown to modify

FIGURE 3 Graphical representation of the MYO1E protein indicating the position of Neural Tube Defects (NTD)‐associated variants.
Variants identified by whole exome sequencing or by MIP sequencing are on top and bottom sides of the protein, respectively. Variants
identified in NTD patients are indicated by green arrows and those in controls by red arrows

TABLE 2 Variants identified in the MYO1Ea gene in neural tube defects (NTD) patients and controls

Family ID Type Chr Position
cDNA
change

Protein
change rs number

EVS
frequency

gnomAD
frequency

PolyPhen
score

Whole exome sequencing cohort

201 NTD 15 59519746 c.554A>G (p.(Asp185Gly) rs141565214 0.001157 0.002103 0.99

265/553 NTD 15 59506892 c.1135C>G (p.(His379Asp) rs150983259 0.001543 0.001320 0.982

28/552 NTD 15 59497622 c.1593C>G (p.(Ile531Met) rs140447165 0.006480 0.007179 0.988

389 NTD 15 59464193 c.2383G>A (p.(Gly795Arg) rs180951130 0.000077 0.0005989 0.997

574 Control 15 59453352 c.2705G>C (p.(Gly902Ala) – 0 – 0.993

MIPS cohort

10179 NTD 15 59564608 c.A2365G (p.(Lys789Glu) rs542281660 0 1.840 e‐5 0.925

10194 NTD 15 59564603 c.G2345A (p.(Arg782Gln) – 0 – 0.93

10278 NTD 15 59519746 c.A554G (p.(Asp185Gly) rs141565214 0.001157407 0.002103 0.866

10190 NTD 15 59464231 c.A49G (p.(Lys17Glu) – 0 1.625 e‐5 0.85

10322 NTD 15 59464211 c.A44G (p.(Asn15Ser) – 0 2.031 e‐5 0.901

20871 Control 15 59519705 c.G595T (p.(Val199Leu) – 0 8.122 e‐6 0.848

20785 Control 15 59519746 c.A554G (p.(Asp185Gly) rs141565214 0.001157407 0.002103 0.866

aMYOE accession number (NM_004998.3).
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its enzymatic activity (Leclerc, Sibani, & Rozen, 2013).
The (p.(Trp561Ter) variant identified in NTD in this study
truncates 95 amino acids of the C‐terminus which has been
associated with protein stability (Shan, Wang, Hoffmaster,
& Kruger, 1999). DLC1 was previously associated with
defect in neural tube closure through a gene trap mouse
model (Sabbir et al., 2010). It can down‐regulate RHO that
is a known effector of the PCP pathway and an important
factor in the localization of actin filaments during apical
constriction. The SAM domain is involved in protein–pro-
tein interaction with EF1A1 and has an auto‐inhibitory
effect on the DLC1 protein (Kim et al., 2008). The SR
region interacts with the SH2 domains of TENSIN1 and
CTEN targeting DLC1 to the membrane where it can enact
its RHO‐GAP activity (Qian et al., 2007). The RHO‐GAP
domain hydrolyze RHOa‐GTP to RHOa‐GDP that is a key
process in cell proliferation, cell morphology, and cell
migration (Liao, Si, deVere White, & Lo, 2007; Kim et al.,
2007). The START domain function remains unclear, but
may be involved in DLC1 inhibition of actin stress fiber
formation (Sabbir et al., 2010). DLC1 carried two LOF
variants, (p.(Gln41Ter) and (p.(Gln356Ter), in two NTD
families: (p.(Gln41Ter) that truncates all four functional
domains and (p.(Gln356Ter) that truncates three making
them highly deleterious. Since both variants truncate the
RHO‐GAP domain, it is highly probable that the resulting
protein will be inactive making them highly pathogenic
nucleotide changes. ITGB1 has been associated with NTD
through a knock‐in mouse showing an exencephaly and
spina bifida (Ohyama, Kawano & Kawamura, 1997). This
seems to be linked with the reduced migratory potential of
cells which could lead to reduced cellular rearrangements,
a key process involved in the neural tube formation (Bau-
doin et al., 1998). The (p.(Lys768 fs) variants would trun-
cate the cytoplasmic domain of the ITGB1 protein that is
essential signal transduction between the cytoskeleton and
the extracellular matrix (Ohyama, Kawano & Kawamura,
1997). All four LOF variants detected in these three NTD
candidate genes were detected in unaffected members sug-
gesting incomplete penetrance (Supporting Information Fig-
ure S1). We did not identify any other probably damaging
variant that was shared by the affected, but absent from the
unaffected members that segregated with the LOF variants.
This suggests the presence of other potentially synergistic
variants that were not prioritized in our approach (e.g. vari-
ants that have an MAF >1% or predicted to be benign)
and/or environmental factors that modulated the penetrance
of the NTD phenotype in these families.

Using an unbiased gene burden analysis, we were able
to identify a novel candidate gene MYO1E that was signifi-
cantly enriched for variants related to NTD. While the
replication cohort did not reach the significance level, the
borderline p value still represented this gene an excellent

candidate for NTD. Genetic variants on this gene lead to
focal segmental glomerulosclerosis characterized by a
thickening and disorganization of the glomerular basement
membrane of podocytes (Mele et al., 2011). MYO1E is
expressed in fetal brain and one could hypothesize that pre-
disposing variants in this gene could affect the extensive
morphological changes that are largely actin/myosin based
(Skoglund, Rolo, Chen, Gumbiner, & Keller, 2008). and
that are essential for the processes of convergent extension
and apical constriction during neural tube formation. Addi-
tional functional studies in cell‐based and animal models
are needed to further investigate the role of this gene in the
pathogenesis of NTD.

In conclusion, we have provided in this study and in
our two previous studies a proof of principle for the power
of NGS in deciphering the complex genetics of NTD.
Despite the limitations of our cohort small sample size and
using a combination of biased and unbiased analytical
approaches, we were able to (a) identify de novo variants
that may play a role in severe forms of NTD (MMC and
anencephaly) (Lemay et al., 2015); (b) implicate GRHL3 in
the etiology of human NTD (Lemay et al., 2017); (c) iden-
tify LOF variants in orthologues of mouse NTD genes,
including SHROOM3, DLC1, and ITGB1, in human NTD
(the current study); and (d) identify MYO1E as a novel
potential NTD candidate gene (current study). Using simi-
lar approaches in larger NTD cohorts will be instrumental
in deciphering the complex genetics of NTD and will help
develop personalized genetic counseling strategies in
affected families.

ACKNOWLEDGMENTS

We would like to thank the affected individuals and fami-
lies without whom this work would not be possible.

CONFLICT OF INTEREST

The authors report no conflict of interests.

ORCID

Patrizia De Marco http://orcid.org/0000-0001-8498-
3750

REFERENCES

Adzhubei, I. A., Schmidt, S., Peshkin, L., Ramensky, V. E., Gerasi-
mova, A., Bork, P., … Sunyaev, S. R. (2010). A method and ser-
ver for predicting damaging missense mutations. Nature Methods,
7, 248–249.

Anderson, L. V., Davison, K., Moss, J. A., Young, C., Cullen, M. J.,
& Bushby, K. M. (1999). Dysferlin is a plasma membrane protein

LEMAY ET AL. | 7 of 9

http://orcid.org/0000-0001-8498-3750
http://orcid.org/0000-0001-8498-3750
http://orcid.org/0000-0001-8498-3750


and is expressed early in human development. Human Molecular
Genetics, 8, 855–861.

Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H.,
Cherry, J. M., … Sherlock, G. (2000). Gene ontology: Tool for
the unification of biology. The Gene Ontology Consortium. Nat-
ure Genetics, 25, 25–29. https://doi.org/10.1038/75556

Bansal, D., Miyake, K., Vogel, S. S., Groh, S., Chen, C. C., Wil-
liamson, R., … Campbell, K. P. (2003). Defective membrane
repair in dysferlin‐deficient muscular dystrophy. Nature, 423,
168–172. https://doi.org/10.1038/nature01573

Bassuk, A. G., & Kibar, Z. (2009). Genetic basis of neural tube
defects. Seminars in Pediatric Neurology, 16, 101–110. https://d
oi.org/10.1016/j.spen.2009.06.001

Baudoin, C., Goumans, M.‐J., Mummery, C., & Sonnenberg, A.
(1998). Knockout and knockin of the β1 exon D define distinct
roles for integrin splice variants in heart function and embryonic
development. Genes & Development, 12, 1202–1216. https://doi.
org/10.1101/gad.12.8.1202

De Marco, P., Merello, E., Mascelli, S., & Capra, V. (2006). Current
perspectives on the genetic causes of neural tube defects. Neuroge-
netics, 7(4), 201–221. https://doi.org/10.1007/s10048-006-0052-2

De Marco, P., Merello, E., Piatelli, G., Cama, A., Kibar, Z., & Capra,
V. (2014). Planar cell polarity gene mutations contribute to the
etiology of human neural tube defects in our population. Birth
Defects Research Part A: Clinical and Molecular Teratology, 100
(8), 633–641.

Greene, N. D., Leung, K. Y., Gay, V., Burren, K., Mills, K., Chitty,
L. S., & Copp, A. J. (2016). Inositol for the prevention of neural
tube defects: A pilot randomised controlled trial. British Journal
of Nutrition, 115(6), 974–983. https://doi.org/10.1017/
S0007114515005322

Greene, N. D. E., Stanier, P., & Copp, A. J. (2009). Genetics of
human neural tube defects. Human Molecular Genetics, 18,
R113–R129. https://doi.org/10.1093/hmg/ddp347

Harris, M. J., & Juriloff, D. M. (2007). Mouse mutants with neural
tube closure defects and their role in understanding human neural
tube defects. Birth Defects Research Part A: Clinical and Molecu-
lar Teratology, 79, 187–210. https://doi.org/10.1002/(ISSN)1542-
0760

Harris, M. J., & Juriloff, D. M. (2010). An update to the list of mouse
mutants with neural tube closure defects and advances toward a
complete genetic perspective of neural tube closure. Birth Defects
Research Part A: Clinical and Molecular Teratology, 88, 653–
669. https://doi.org/10.1002/bdra.20676

Juriloff, D. M., & Harris, M. J. (2012). A consideration of the evi-
dence that genetic defects in planar cell polarity contribute to the
etiology of human neural tube defects. Birth Defects Research
Part A: Clinical and Molecular Teratology, 94, 824–840. https://d
oi.org/10.1002/bdra.23079

Kibar, Z., Torban, E., McDearmid, J. R., Reynolds, A., Berghout, J.,
Mathieu, M., … Gros, P. (2007). Mutations in VANGL1 associ-
ated with neural‐tube defects. New England Journal of Medicine,
356, 1432–1437. https://doi.org/10.1056/NEJMoa060651

Kim, T. Y., Healy, K. D., Der, C. J., Sciaky, N., Bang, Y. J., &
Juliano, R. L. (2008). Effects of structure of Rho GTPase‐activat-
ing protein DLC‐1 on cell morphology and migration. Journal of
Biological Chemistry, 283, 32762–32770. https://doi.org/10.1074/
jbc.M800617200

Kim, T. Y., Lee, J. W., Kim, H. P., Jong, H. S., Kim, T. Y., Jung,
M., & Bang, Y. J. (2007). DLC‐1, a GTPase‐activating protein for
Rho, is associated with cell proliferation, morphology, and migra-
tion in human hepatocellular carcinoma. Biochemical and Bio-
physical Research Communications, 355, 72–77. https://doi.org/
10.1016/j.bbrc.2007.01.121

Leclerc, D., Sibani, S., & Rozen, R. (2013). Molecular biology of
methylenetetrahydrofolate reductase (MTHFR) and overview of
mutations/polymorphisms. Landes Bioscience, Madame Curie Bio-
science Database, Austin (TX): Landes Bioscience; 2000-2013.

Lemay, P., De Marco, P., Emond, A., Spiegelman, D., Dionne‐
Laporte, A., Laurent, S., … Kibar, Z. (2017). Rare deleterious
variants in GRHL3 are associated with human spina bifida.
Human Mutation, 38(6), 716–724. https://doi.org/10.1002/humu.
23214

Lemay, P., Guyot, M. C., Tremblay, É., Dionne‐Laporte, A., Spiegel-
man, D., Henrion, É., … Kibar, Z. (2015). Loss‐of‐function de
novo mutations play an important role in severe human neural
tube defects. Journal of Medical Genetics, 52, 493–497. https://d
oi.org/10.1136/jmedgenet-2015-103027

Liao, Y.‐C., Si, L., deVere White, R. W., & Lo, S. H. (2007). The
phosphotyrosine‐independent interaction of DLC‐1 and the SH2
domain of cten regulates focal adhesion localization and growth
suppression activity of DLC‐1. Journal of Cell Biology, 176, 43–
49. https://doi.org/10.1083/jcb.200608015

Loeken, M. R. (2005). Current perspectives on the causes of Neural
Tube Defects resulting from diabetic pregnancy. American Journal
of Medical Genetics. Part C, Seminars in Medical Genetics,
135C, 77–87. https://doi.org/10.1002/(ISSN)1552-4876

Mele, C., Iatropoulos, P., Donadelli, R., Calabria, A., Maranta, R.,
Cassis, P., … PodoNet Consortium (2011). MYO1E mutations
and childhood familial focal segmental glomerulosclerosis. New
England Journal of Medicine, 365, 295–306. https://doi.org/10.
1056/NEJMoa1101273

MRC Vitamin Study Research Group (1991). Prevention of neural
tube defects: Results of the Medical Research Council Vitamin
Study. The Lancet, 338, 131–137.

O’ Roak, B. J., Vives, L., Fu, W., Egertson, J. D., Stanaway, I. B.,
Phelps, I. G., … Shendure, J. (2012). Multiplex targeted sequenc-
ing identifies recurrently mutated genes in autism spectrum disor-
ders. Science, 338, 1619–1622.

Ohyama, K., Kawano, H., & Kawamura, K. (1997). Localization of
extracellular matrix molecules, integrins and their regulators, TGF
βs, is correlated with axon pathfinding in the spinal cord of nor-
mal and Danforth's short tail mice. Developmental Brain
Research, 103, 143–154. https://doi.org/10.1016/S0165-3806(97)
81790-7

Qian, X., Li, G., Asmussen, H. K., Asnaghi, L., Vass, W. C., Braver-
man, R., … Lowy, D. R. (2007). Oncogenic inhibition by a
deleted in liver cancer gene requires cooperation between tensin
binding and Rho‐specific GTPase‐activating protein activities.
Proceedings of the National Academy of Sciences of the United
States of America, 104, 9012–9017.

Rampersaud, E., Bassuk, A. G., Enterline, D. S., George, T. M., Sie-
gel, D. G., Melvin, E. C., … Speer, M. C. (2005). Whole geno-
mewide linkage screen for neural tube defects reveals regions of
interest on chromosomes 7 and 10. Journal of Medical Genetics,
42, 940–946. https://doi.org/10.1136/jmg.2005.031658

8 of 9 | LEMAY ET AL.

https://doi.org/10.1038/75556
https://doi.org/10.1038/nature01573
https://doi.org/10.1016/j.spen.2009.06.001
https://doi.org/10.1016/j.spen.2009.06.001
https://doi.org/10.1101/gad.12.8.1202
https://doi.org/10.1101/gad.12.8.1202
https://doi.org/10.1007/s10048-006-0052-2
https://doi.org/10.1017/S0007114515005322
https://doi.org/10.1017/S0007114515005322
https://doi.org/10.1093/hmg/ddp347
https://doi.org/10.1002/(ISSN)1542-0760
https://doi.org/10.1002/(ISSN)1542-0760
https://doi.org/10.1002/bdra.20676
https://doi.org/10.1002/bdra.23079
https://doi.org/10.1002/bdra.23079
https://doi.org/10.1056/NEJMoa060651
https://doi.org/10.1074/jbc.M800617200
https://doi.org/10.1074/jbc.M800617200
https://doi.org/10.1016/j.bbrc.2007.01.121
https://doi.org/10.1016/j.bbrc.2007.01.121
https://doi.org/10.1002/humu.23214
https://doi.org/10.1002/humu.23214
https://doi.org/10.1136/jmedgenet-2015-103027
https://doi.org/10.1136/jmedgenet-2015-103027
https://doi.org/10.1083/jcb.200608015
https://doi.org/10.1002/(ISSN)1552-4876
https://doi.org/10.1056/NEJMoa1101273
https://doi.org/10.1056/NEJMoa1101273
https://doi.org/10.1016/S0165-3806(97)81790-7
https://doi.org/10.1016/S0165-3806(97)81790-7
https://doi.org/10.1136/jmg.2005.031658


Rossi, A., Biancheri, R., Cama, A., Piatelli, G., Ravegnani, M., &
Tortori‐Donati, P. (2004). Imaging in spine and spinal cord mal-
formations. European Journal of Radiology, 50, 177–200.
https://doi.org/10.1016/j.ejrad.2003.10.015

Sabbir, M. G., Wigle, N., Loewen, S., Gu, Y., Buse, C., Hicks, G.
G., & Mowat, M. R. (2010). Identification and characterization of
Dlc1 isoforms in the mouse and study of the biological function
of a single gene trapped isoform. BMC Biology, 8, 17. https://doi.
org/10.1186/1741-7007-8-17

Shan, X., Wang, L., Hoffmaster, R., & Kruger, W. D. (1999). Func-
tional characterization of human methylenetetrahydrofolate reduc-
tase in Saccharomyces cerevisiae. Journal of Biological
Chemistry, 274, 32613–32618. https://doi.org/10.1074/jbc.274.46.
32613

Skoglund, P., Rolo, A., Chen, X., Gumbiner, B. M., & Keller, R.
(2008). Convergence and extension at gastrulation require a myo-
sin IIB dependent cortical actin network. Development, 135,
2435–2444. https://doi.org/10.1242/dev.014704

Stamm, D. S., Siegel, D. G., Mehltretter, L., Connelly, J. J., Trott, A.,
Ellis, N., … NTD Collaborative Group (2008). Refinement of 2q
and 7p loci in a large multiplex NTD family. Birth Defects

Research Part A: Clinical and Molecular Teratology, 82, 441–
452. https://doi.org/10.1002/(ISSN)1542-0760

The Gene Ontology Consortium (2017). Expansion of the Gene
Ontology knowledgebase and resources. Nucleic Acids Research,
45, D331–D338.

SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

How to cite this article: Lemay P, De Marco P,
Traverso M, et al. Whole exome sequencing
identifies novel predisposing genes in neural tube
defects. Mol Genet Genomic Med. 2019;7:e467.
https://doi.org/10.1002/mgg3.467

LEMAY ET AL. | 9 of 9

https://doi.org/10.1016/j.ejrad.2003.10.015
https://doi.org/10.1186/1741-7007-8-17
https://doi.org/10.1186/1741-7007-8-17
https://doi.org/10.1074/jbc.274.46.32613
https://doi.org/10.1074/jbc.274.46.32613
https://doi.org/10.1242/dev.014704
https://doi.org/10.1002/(ISSN)1542-0760
https://doi.org/10.1002/mgg3.467

